The optical properties of a gold spiral photonic crystal (PC) were studied numerically and a full 3-D band gap at near infrared wavelengths was found. This band gap, ranging from 1.2 to 1.8 m in wavelength, covers all the second and third telecom windows used in optical fiber communications. Chiral and other optical properties were also discussed. There is a very high absorption at the band gap edge due to the retarded speed of light and an abnormal high transmission outside the band gap contributed by surface plasmon polaritons. Both right circular polarized (RCP) and left circular polarized (LCP) light are studied and great diversities were found in certain regions of the spectrum. These optical properties maintain within large incident angles.
Introduction
Three-dimensional metallic photonic crystals (PCs) are used for a number of applications such as thermophotovoltaics and regulation of blackbody emissions [1] , [2] . However, it is much harder to study metallic PCs than their dielectric counterparts due to the large dispersive and absorbing property of metals. For example, it is still a challenging task to calculate the full band structure of a 3-D metallic PC. Among 3-D metallic PCs, the woodpile structure has obtained the most attention and has been fabricated using multiple metals [2] - [4] . To prove the existence of the photonic band gap, researchers have to measure the reflectance spectrum of woodpiles in a wide solid angle range either experimentally [2] , [3] or through simulation [4] . Spiral structures made of dielectric material were theoretically proven to be promising 3-D photonic-band-gap structures with sizable band gaps by Chutinan and Noda [5] . Toader and John proposed a spiral PC of tetragonal lattice made of silicon which has a band gap between the fourth and fifth bands [6] , [7] . Much of published research later focused on fabrication and band gap studies of the spiral 3-D PC made of silicon or dielectric materials [8] - [13] . However, these studies cannot come to a foregone conclusion that spiral structures made of metals would also demonstrate a full 3-D band gap, since the light is mostly reflected with loss in metal structures while refracted in dielectric structures [14] . Other efforts studied the metallic spiral structure as a circular polarizer based on the different polarization optical properties of helix handedness [15] - [17] . Due to the difficulties discussed above, a full 3-D band gap has never been found in metallic spiral structures. In this article, the full band structure of a metallic 3-D spiral PC is obtained and a full 3-D band gap for this structure is found. This article also presents multiple optical properties exclusive to this metallic PC such as chiral symmetry, abnormally high absorptions and high transmissions.
Structure of the Spiral PC
The 3-D PC structure consists of cylindrical gold posts which spiral squarely. These spirals are then arranged on a 2-D square lattice, making a 3-D tetragonal lattice. Fig. 1 shows this structure from different perspectives and depicts the geometric parameters. The PC has periods a along x -and y -directions and c along the z-direction; the rising angle of the posts is , and the length and radius of the posts are represented by L=cosðÞ and R, respectively. The parameters L, c, and have relation of tanðÞ ¼ c=4L. Therefore, the primitive lattice vectors of this tetragonal lattice are (a, 0, 0), (0, a, 0), and (0, 0, c) and the unit cell is one spiral space ða Â a Â cÞ.
Results and Analysis
A popular way to obtain band structures of PCs is to solve frequency domain eigenproblems with the plane wave expansion method [18] , [19] . The loss and dispersive properties of gold make direct calculation of the band structure using this technique more difficult. For this effort, the commercial software package, R-soft, was used to calculate the band structure with a finite-difference timedomain method (FDTD). In the FDTD approach, periodic boundary conditions are set and an impulse source (broad spatial frequencies) is launched to activate broad temporal frequencies. The spectral response is then obtained by Fourier Transform analysis. The eigenfrequencies of each band can be determined from the peaks of the response spectrum. The complex permittivity of the metal was calculated from the Lorentz-Drude model [20] . fourth and fifth bands, similar in nature to that calculated for a dielectric spiral 3-D PC [5] - [7] . The frequency in Fig. 2 is normalized to the wavelength in free space, , so the forbidden spectrum (band gap) is centered about at ¼ 1=0:67
To confirm the existence of the 3-D band gap and make a further study of this structure, the optical propagation of the electromagnetic wave along the z-direction was simulated with the FDTD method. Figs. 3-5 show the transmittance, reflectance and absorptance spectra of the gold spiral PC, which has a four-period height along z-direction. As shown in Fig. 1(d) , the structure is a righthanded spiral if the light is launched from the bottom. Likewise, two oppositely handed circular polarized light waves [right circular polarized (RCP) and left circular polarized (LCP)] were defined and simulated, respectively. From the transmittance and reflectance, a clearly forbidden spectrum for both RCP and LCP light from 1.2 m to 1.8 m can be found, which exactly fits the full 3-D band gap in Fig. 2 . So both the band structure and the propagation spectra demonstrate the existence of the 3-D band gap.
Meanwhile, a series of simulations with different incident angles were performed to this structure. difference between LCP and RCP propagation (chiral property) happens to be in this wave length range ð2:2 m $ 4 mÞ, while the existence of this partial band gap makes the difference disappear for the incident angle Â ¼ È ¼ 45 . In addition to a full band gap, this structure also has very interesting optical characteristics. An absorptance peak over 0.8 for LCP and 0.6 for RCP light shows up at 1.2 m, as shown in Fig. 5 , which is the band gap edge of the PC. This phenomenon can also be found in other metallic 3-D PCs due to the retarded speed and the percolation effects of light near the photonic band gap edge [2] . Beyond the band gap ð 9 2 mÞ, the transmittance and reflectance oscillate and noticeably high transmittance peaks appear. Fig. 6 shows a transmittance peak at 5.2 m both for LCP and RCP light. To better explain this phenomenon, one needs to review the structure schematics again. Fig. 1(a) is the view from the bottom side and the simulated lights were launched in this direction with different inclined angles. For the simulated structure, (the parallel period) a equals (the projected length) L of the posts, i.e., a ¼ L. This makes the edges of the spirals overlap each other (or there is no space between spirals) from this direction. Therefore, from this perspective, it is like a gold film with square holes arranged on a 2-D square lattice. Note that the size of the holes (0.5 m) is much smaller than the wave length (5.2 m), so the transmission modes cannot be explained by a simple wave guide. Similar extraordinary optical transmission was also observed in the subwavelength hole arrays in metallic films and attributed to the surface plasmons [21] - [25] . Surface plasmons were also proven to contribute to the passband modes in 3-D complex metallic structures [4] . The abnormally high transmission in this case can also be explained by the surface plasmon Fig. 7(b) ] are represented by colors and the dark lines outline the boundary of the structure. Both E and H are normalized to the launched source light. Fig. 7 shows that the electromagnetic field is primarily distributed on the boundary of the structure and that the electric field resonance conditions are much larger than the source field. This is the same phenomenon as the typical surface plasmon effect. It is important to notice that the field resonance is extremely large on the edges of the lattice unit, where the spirals interlace. This indicates that the interaction between spirals contributes greatly to light propagation. Therefore, changing the distance between spirals, a, will significantly change the light propagation in the structure. To see the influence of period ðaÞ on the light propagation, band structures of the PCs with different periods are calculated. The results show that the band gap is maximized when a ¼ L and will disappear if a is greater than 1.1 L or less than 0.9 L. Therefore, to get a full band gap, only a small range of the period can be chosen.
To study the surface plasmon effect in this structure, it is useful to take a look at the surface plasmon polaritons at a single interface. Fig. 8(a) shows the geometry of an interface between a metal and a dielectric assuming the surface plasmon polaritons propagate along z-direction. For transverse magnetic (TM) modes, the magnetic fields (H) are along y -direction (i.e., tangent to the interface) and electric fields (E) are along x -direction (vertical to the interface); for transverse electric (TE) modes, E fields are tangent to the interface and H fields vertical to the interface. The surface plasmon polaritons are proven to have two unique characters [26] , [27] : 1) surface plasmon polaritons only exist for TM polarization, i.e., E fields are vertical to the interface; and 2) Electromagnetic fields maximize at the interface and decay exponentially away from the interface. In Fig. 8 , the interface is located at x ¼ 0 and the exponential dependence of E fields is shown in Fig. 8(b) .
In the spiral structure, the extraordinary transmission is primarily due to the TM mode surface plasmon polaritons. To demonstrate this phenomenon, a circular polarization light with wavelength ¼ 5:2 m is launched from the bottom of the structure, which can excite the polarization mode along any direction. The following study, however, will show that only the TM surface plasmon polaritons can be significantly watched in the structure. It is not exactly proper to say TM mode or TE mode here, since the structure is 3-D. Here, the TM mode refers to the polarization mode that the E field is vertical to the interface between a metal and a dielectric and TE mode means E field is parallel to the interface. If x -y cross sections are cut at different z position, different profiles will be seen. Fig. 9(a) shows one spiral and two cross sections (green surfaces) cut at different z positions. The two cross sections intersect two different gold logs, respectively, so the interfaces between the metal and the dielectric are located in different positions in the two cross sections. For the upper cross section, the interface is along x -direction. In Fig. 9(b) , the dark line represents the interface: Metal is upper side of this line and dielectric below of this line. For the below cross section [ Fig. 9(d) ], the interface is along y -direction: the left side is dielectric and the right side is metal. Fig. 9(b) is the Ey contour of the upper cross section and Fig. 9(d) is the Ex contour of the below cross section, where the color represents the amplitude of Ey or Ex. Here, Ex represents the electric field along x -direction and Ey along y -direction. One can see that E field is mainly distributed near the interfaces between metals and dielectrics where the polarization of the E field is vertical to the interface, as in Fig. 9(b) and (d) . Fig. 9(c) and (e) are 1-D slice profiles of Fig. 9(b) and (d) , where x ¼ 0 [for Fig. 9(c) ] or y ¼ 0 [for Fig. 9(e) ]. Fig. 9(c) is a y -versus-Ey plot while Fig. 9(e) x -versus-Ex. Here, absolute values of Ey and Ex are used and the Ey is put on the parallel axis while Ex is put on the vertical axis in order to compare the 2-D contour left to them. From these two plots one can see that the E field maximize at the interface and decay exponentially away from the interface, just like in Fig. 8(b) . There is another peak on the other side. This is due to the gold log from the neighbor spiral which is just located at that position, although it is not shown in the Fig. 9(a) . When E field is parallel to the interface, the propagation mode does not exist (or very weak) as shown in Fig. 10(a) and (b) , which is the E field contour where the polarization is parallel to the interface [Ex for Fig. 10(a) and Ey for Fig. 10(b) ]. Although strong fields are found at corners, this is because the gold posts in other spirals interlace at the corners and contribute to the surface plasmon polaritons. The point-like distribution of the electric field in Fig. 10 is due to the round surface of the post near the cross section, which excites some weak electric fields.
Likewise, the TM mode surface plasmon polaritons can be demonstrated also by watching magnetic field distribution. Fig. 11(a) and (b) show the magnetic fields with different polarization Hx (x -direction) and Hy (y -direction) on the same x -y cross section as in Fig. 9(b) , where the interface is along x -direction. A similar phenomenon can be found in these figures except that the H field tangent to the interface represents the TM mode, which is opposite to the E field.
Another unique optical characteristic of the spiral PC is the chiral performance for different handed circular polarized light wavelengths. This has led to the investigation of polarization gaps [11] and the design of circular polarizers with them [15] . The metallic spiral structure presented in this letter also exhibits this circular polarization characteristic. Figs. 3 and 4 show significantly different propagation characteristics between LCP and RCP light between 2 m to 4 m. These spectra can be seen as a partial polarization band gap exclusive to RCP light. The absorptance peak for RCP light at 4 m (Fig. 5) can also be explained by the retarded speed and percolation effects of light at the band gap edge. Fig. 11 . Magnetic field contour on the x -y cross section where the interface is along x -direction: (a) Hx, the field along x -direction, which is parallel to the interface and (b) Hy, the field along y -direction, which is vertical to the interface. Fig. 10 . Electric field contour on the x -y cross sections of the gold spiral photonic crystal: (a) Ex, the interface is along x-direction; (b) Ey, the interface is along y -direction.
Conclusion
A gold spiral 3-D PC was studied numerically. The band structure was calculated and a full 3-D band gap centered at 1.5 m was obtained. Surface plasmon effect in this PC was studied and proven to contribute to the transmission beyond the cutoff wavelength. Other special optical features were also discussed. There is an abnormal high absorption at the band gap edge due to the retarded speed of light, and the chiral optical property was also found in certain spectrum. These features were found to be available in large incident angles for this spiral metallic PC.
